Clostridium perfringens types A and C and Clostridium difficile are the principal enteric clostridial pathogens of swine.
Introduction
Clostridia are large, gram-positive, spore-forming, strictly-to-oxygen-tolerant anaerobic rods. Enteric diseases caused by these organisms impact producers, veterinary practitioners, and diagnosticians, despite long-term availability of immunoprophylactic products for protection against some species and types. Clostridium perfringens types A and C and Clostridium difficile are the principal pathogenic clostridia of swine.
Clostridium perfringens type C can be found in small numbers in the intestinal tract of healthy animals (including some populations of humans), proliferating and inducing disease only under appropriate conditions. Large numbers of C. perfringens type A are found in colon, and smaller numbers are found in small intestine of most warm-blooded species; anarchic multiplication, perhaps of specific strains, leads to manifestations of disease. Clostridium difficile is commonly found in colon of clinically normal animals, but establishment and toxin production in proximity to the mucosal surface leads to lesion development. Thus, mere isolation of these organisms from tissues of animals is not diagnostic. Interpretive criteria (i.e., numbers of organisms) and other tests must be applied to Clostridium perfringens type-C infection occurs worldwide, and is characterized by frequently hemorrhagic, often fatal, necrotic enteritis in young piglets. 42 Hallmark lesions are deep mucosal necrosis and emphysema in small intestine, sometimes extending into cecum and proximal portion of the colon.
Etiology and epidemiology. Clostridium perfringens type C is found rarely, and in small numbers, in the intestine of healthy animals. It is a primary pathogen, but can also colonize after other pathogens, such as transmissible gastroenteritis (TGE) virus, coccidias, rotavirus, and porcine epidemic diarrhea virus. Pigletto-piglet transmission of C. perfringens type C occurs, and spores persist in the environment by virtue of their resistance to heat, disinfectants, and ultraviolet light. Environmental organisms cycle through nonvaccinated piglets over long periods, but the ultimate source of 
infection is the intestine of the sow. 40 With sufficient effort, C. perfringens type C can sometimes be detected in normal sow feces, but prevention of herd-toherd spread of disease by screening replacement stock is not a viable option. Piglets are exposed soon after birth to sow feces, and small numbers of type-C organisms probably out-compete other bacteria in the piglet intestine. Type-C infection is most common in 3-day-old piglets, but may appear as early as 12 hours after birth; it is uncommon for disease to be initiated in pigs older than 1 week. 4, 27, 29 Disease occurs epizootically in nonvaccinated populations, 4 and prevalence of affected litters can reach 100%. The case fatality rate varies, but 100% mortality in litters from nonimmune sows is not unusual, and herd mortality may be Ͼ 50%. 4, 18 With increased herd immunity, disease may become enzootic, with mild cases developing over a period of months. Continued appearance of acute disease suggests herd immune deficiency (such as by frequent introduction of immune-naive gilts) or failure of piglets to receive adequate amounts of colostrum.
Pathogenesis. Type-C organisms can multiply to 10 8 to 10 9 colony-forming units (CFU)/g of contents in only a few hours. 34 Attachment to jejunal epithelial cells at villus apices 2, 45 leads to desquamation, and is followed by proliferation of the organism along the basement membrane. Necrosis of villous lamina propria, with hemorrhage, is extensive, and the necrotic zone advances to involve crypts, muscularis mucosae, submucosa, and muscular layers. Bacteria are shed into intestinal lumen, and sporulation may be observed. 24 The lethal and necrotizing effects of CPB play key roles in tissue damage. 17, 46 Immunization with crude toxoids usually protects against infection, but experimental evidence for the primacy of CPB in pathogenesis is equivocal. Disease has been reproduced by oral administration of toxin, but these experimental pigs were subsequently found to be infected with the organism. 11 Typical lesions appear in gut loops inoculated with broth cultures of type C, but necrosis is not induced by inoculation with CPB alone. 5 There are numerous potentially confounding factors in published work on type-C infections, including use of older pigs as experimental animals; trypsin secretion deficiencies and colostral protease inhibitors probably account for susceptibility of piglets younger than 4 days.
Death is likely due principally to effects of intestinal damage and toxemia. The CPB toxin has been detected in intestinal contents and peritoneal fluid of affected pigs. Hypoglycemia and secondary bacteremia due to C. perfringens or Escherichia coli may raise the fatality rate. 12, 18 Taken in toto, findings of apparent vaccine failures and lack of a specific role for CPB suggest the need for definitive study of the pathogenesis of type-C infections. The CPB2 toxin, produced by most or all porcine type-C isolates, may also play a role in pathogenesis.
Clinical signs of disease and lesions. Clinical disease can be peracute, acute, or chronic, with signs of the acute and peracute conditions including intense abdominal pain, depression, and bloody diarrhea ( Fig. 1) , which begins 8 to 22 hours after exposure to C. perfringens type C. Sow feces contains small numbers of type-C organisms, and these multiply rapidly in the small intestine of piglets, out-competing other bacteria and becoming the dominant organisms in the population. The course of the disease is usually 24 or fewer hours in 1-to 2-day-old piglets, but chronic disease (usually in older animals) can persist for 1 or 2 weeks, and is characterized by persistent diarrhea without blood, and dehydration. 33 Marked anal hyperemia can be observed just before death in acute and chronic forms.
At necropsy, the predominant lesions are most frequently observed in small intestine (Fig. 2) , especially jejunum, but cecum and spiral colon can sometimes be involved; occasionally, lesions may be confined to large intestine. 3 Lesions are similar in all segments of intestine and, in acute cases, consist of intestinal and mesenteric hyperemia, diffuse or segmental, extensive fibrinonecrotic (pseudomembranous) enteritis (Fig. 3) , with emphysema ( Fig. 4) and bloody gut contents. Mesenteric lymph nodes are red, an excess of hemorrhagic peritoneal and pleural fluid is found, there may be fibrin strands on intestinal serosa, and adhesions may develop between intestinal loops.
Microscopically, the hallmark of acute disease in young piglets is hemorrhagic necrosis of the intestinal wall, which starts in the mucosa but usually progresses to affect all layers of the intestine. 2, 8, 13, 33 Lesions are morphologically similar in all segments of intestine; the luminal surface is covered by a pseudomembrane (Fig. 5 ) composed of degenerated and necrotic desquamated epithelial cells, cell debris, inflammatory cells including neutrophils, lymphocytes, plasma cells, and macrophages, fibrin, and a variable number of large, thick bacilli with square ends and a few subterminal spores (Fig. 6 ). These bacteria occur singly or in clusters, free in the lumen, or lining the margin of the denuded mucosal surface (Fig. 6 ). Although the bacterial population is usually greater in intestinal lumen, a few bacilli also can be seen in crypts and glands and invading necrotic lamina propria. Superficial epithelium and superficial layers of lamina propria are necrotic, showing a homogeneous acidophilic appearance with scattered pyknotic or karyorrhectic nuclei and an inflammatory cell infiltrate composed of neutrophils and mononuclear cells. Fibrin thrombi occluding superficial arteries and veins of the lamina propria (Fig. 7) are characteristic of this condition. Fibrin can also be seen in mucosal and submucosal lymphatics and in the interstitium. Diffuse edema with variable amounts of protein and inflammatory cell exudate can be seen throughout all intestinal layers, including serosa. The mucosa is severely thickened by edema and inflammatory exudate. As the infection progresses, necrosis becomes deeper, including epithelium of crypts and glands and later, all intestinal layers. Severe congestion of subserosal vessels is observed throughout the course of the infection. Lesions are usually diffuse, although they can be multifocal. Mucosal necrosis without hemorrhage may be observed in older pigs with chronic disease. 3 Specific histologic changes are not usually observed outside the gastrointestinal tract, although systemic capillary thrombosis can be seen in lungs, kidneys, spleen, and liver in a few cases, as a consequence of terminal disseminated intravascular coagulation.
Bacteriologic findings. Bacteriologic culture for C. perfringens is straightforward. Selective media are available, 10, 15 but the organism, in most cases, is easily isolated by culture on some type of blood agar, including phenylethanol blood agar. Up to 10 9 CFU of C. perfringens (mixed cultures of types A and C 31, 34, 41 or, in most cases, nearly pure cultures of type C) 31 can be isolated from each gram of intestinal contents. After 24 hours' incubation on blood agar, type-C colonies are usually 3 to 5 mm in diameter, grayish and circular, and may be mixed with smaller, smoother colonies with gumdrop-like morphology. An inner, complete zone of hemolysis is caused by theta toxin (perfringolysin O), and a less-complete outer zone is caused by CPA (Fig. 8) . Examination of smears of intestinal mucosa and intestinal contents reveals many large, gram-positive bacilli, a few of which may have spores; other bacterial forms can also be observed, but are clearly outnumbered by the large bacilli.
Diagnostic criteria. Mortality pattern, clinical signs of disease, examination of mucosal and intestinal content smears, and gross and microscopic lesions are sufficient basis for a presumptive diagnosis of C. perfringens type-C enteritis in pigs. More-detailed herd infection history, exclusion of other causes of necrotic enteritis, and bacteriologic culture may be needed to establish a presumptive diagnosis in chronic cases. As noted, type C may colonize lesions initiated by coccidias (such as Isospora suis), rotavirus, TGE virus, and porcine epidemic diarrhea virus.
Final diagnosis, however, should be based on bacteriologic culture of intestinal contents (isolation of large numbers of C. perfringens followed by genotyping of isolates) and/or CPB detection in eluates of intestinal contents (Table 2 ). Bacteriologic findings may be misleading if type C colonizes lesions of TGE or other viral lesions without contributing to disease. Chronic cases may be culture negative, and if positive, often yield a mixture of type-C and type-A organisms. Thus, it is important to determine genotype or phenotype of approximately 5 to 10 primary isolates. Use of polymerase chain reaction (PCR) methods to detect genes for the major toxins has largely replaced toxin detection assays in typing of isolates, and can provide useful supportive findings in diagnosis. 7, 28, 42 For CPB detection in intestinal contents, mouse protection tests have been largely replaced by enzyme immunoassays. However, CPB is highly protease sensitive and breaks down readily in intestinal contents. Thus, samples should be collected and processed as soon as possible. Because of its lability, failure to detect CPB in intestinal contents should not be used as the basis for ruling out C. perfringens type-C enteritis, although a positive toxin assay is confirmatory (Table  2 ).
Clostridium perfringens type-A enteritis
Clostridium perfringens type A is a member of the normal flora of the swine intestine, 25 but also is a cause of enteric disease in neonatal and, occasionally, in weaned pigs. 19 Disease has been reported worldwide. 1, 9, 32, 38 Etiology and epidemiology. Clostridium perfringens type A resembles type C in culture, but it produces CPA and not CPB (Table 1) . Also, many strains of C. perfringens type A produce CPB2, and recent information 6,48 suggests a role for this toxin in porcine clos- tridial enteritis, as nearly all type-A strains isolated from pigs with this condition produce CPB2. 48 Clinical signs of type-A enteritis have been reproduced 20 by oral inoculation with pure cultures and culture supernatants of C. perfringens type A.
Type-A disease develops during the first week of life, and sows are the likely source of infection. However, diagnosis is complicated by the fact that differentiation between normal flora and disease-causing strains is not possible, and it may be that under appropriate conditions, any strain of C. perfringens type A can cause disease. Thus, discussion of the epidemiology of type-A enteric infections is highly speculative. The exception to this statement is the relatively new information indicating that most strains from disease cases are CPB2 positive. Clostridium perfringens is an inefficient sporulator, but spores are nonetheless likely to be important in maintaining the organism in the environment. The organism can also be isolated from pig feed.
The CPE is an important toxin that can be produced by all types of C. perfringens. It is principally responsible for food poisoning in humans, 21, 23 and involvement of enterotoxigenic (CPE-producing) strains of C. perfringens in animal disease is apparently uncommon. 9, 11, 30, 32, 44 Pathogenesis. Pathogenesis of C. perfringens type-A enteritis in pigs is poorly understood, but is likely multifactorial. Organisms (often 10 8 to 10 9 CFU/g of contents) produce CPA, and can produce CPB2 and possibly other toxins in jejunum and ileum. Attachment and invasion are uncommon, 22 and the intestinal epithelial necrosis seen in experimentally induced infections is apparently uncommon in natural cases. Lack of gross and microscopic lesions in some cases suggests that at least some cases of type-A enteritis may consist mainly of secretory diarrhea.
No direct information implicates specific toxins in pathogenesis of this condition. No consistent changes were found in gut loops inoculated with purified CPA. 21 The specific role of CPB2 in pathogenesis of C. perfringens type-A enteritis is unknown, but its strong association with cases of enteritis suggests that it is at least a marker of virulence. 6, 14, 16 More than 90% of strains isolated from porcine neonatal enteritis are positive for CPB2, and the gene is rarely silent. 6 The CPE apparently causes villus necrosis and fluid secretion into intestinal lumen. 11 AntiCPE antibody can be found in porcine colostrum, and disease associated with CPE has been reported in weaned pigs after maternal antibody disappears. 11 Clinical signs of disease and lesions. Enteric disease caused by C. perfringens type A in pigs has been associated with nonhemorrhagic mucoid diarrhea in suckling and feeder pigs. 3 The condition is characterized by mucosal necrosis, villus atrophy, and serositis. Lesions are usually most severe in small intestine, particularly jejunum and ileum. 35 Mucosal necrosis may involve epithelium and lamina propria, but in contrast to type-C infection, it rarely affects other layers of the intestine. A few cases of pseudomembranous enteritis associated with C. perfringens type A have been reported in piglets 39 (Fig. 9, 10) .
Clinical signs of disease associated with CPE-producing C. perfringens type A have been described in 3-month-old pigs entering fattening units, and consist mainly of mucoid diarrhea, 19 with minimal if any histologic abnormalities detected (Fig. 11) . Under experimental conditions, purified C. perfringens CPE induced fluid accumulation in ileal loops in axenic pigs. 36 Thus, CPE may play a role in piglet diarrhea.
The newly discovered C. perfringens CPB2 toxin has been associated with several diseases of animals. 14, 16, 26 However, to date, information about the role of this toxin in pathogenesis is scarce. Clostridium perfringens type A, producing CPA and CPB2, has been isolated from piglets and horses with necrotic enterocolitis. 14, 16 Controversy about the role of CPA in pathogenesis of digestive tract lesions has led to suggestions that CPB2 plays a role in digestive disease in horses. 16 However, the implication of CPB2 in animal disease is mostly based on higher prevalence of CPB2-positive C. perfringens strains in animals with enteritis than in clinically normal controls. 14, 16, 26 More research is necessary to clarify the role of CPB2 in pathogenesis of intestinal infection. In particular, examination of this toxin in experimental animal models and development of methods to detect it in clinical samples are needed before diagnostic criteria for CPB2-positive C. perfringens infections can be established.
Bacteriologic findings. Culturally, C. perfringens type A is similar to type C and, as in the case of type-C enteritis, colony counts in ileum and jejunum often reach 10 8 to 10 9 CFU/g of contents. 40 Diagnostic criteria. Diagnosis of type-A enteritis is often equivocal, although compatible clinical signs of disease (hemorrhagic diarrhea of otherwise unexplained origin) and isolation of large numbers of C. perfringens type A (mostly CPB2 positive) from affected jejunum or ileum are strongly suggestive of type-A disease ( Table 2) . Detection of CPA in gut contents is supportive, but because CPA-producing C. perfringens type A is a normal inhabitant of the pig intestine, detection of this toxin does not have diagnostic relevance in itself. Commercial assays for CPE often yield false-positive results. 36 Currently, commercial tests are not available for detection of CPB2 in culture supernatants or body fluids.
Clostridium difficile-associated disease (CDAD)
Etiology and epidemiology. Clostridium difficile is typical of the genus; it is a gram-positive, spore-forming anaerobe and requires substantially more reducing conditions for growth than does C. perfringens. Clostridium difficile sporulates readily (in contrast to C. perfringens) and has a short generation time, both of which figure into its interaction with hosts.
The CDAD has emerged as a cause of enteritis in neonatal pigs. In one study, about a third of piglets with enteritis had uncomplicated CDAD, and mixed infections developed in a further 20% to 25%. 43 Affected litters experience lost productivity (mainly as decreased weaning weight) amounting to 10% to 15%.
Clinical signs of disease, lesions, and pathogenesis. The CDAD develops in piglets 1 to 7 days of age, born to gilts or multiparous sows. The history includes early-onset scours, rarely with respiratory distress, and sudden death. There is usually edema of the mesocolon (Fig. 12) , and the colon may have pasty-to-watery yellowish contents. Two-thirds of litters and more than a third of individual pigs (some without enteric signs of disease) are usually toxin positive in an infected barn. 47, 49 Suppuration in colonic lamina propria is the common microscopic lesion, with colonic serosal and mesenteric edema and infiltration of mononuclear inflammatory cells and neutrophils. Segmental erosion of colonic mucosal epithelium is common, and volcano lesions may be evident (Fig. 13) . 43 Pathogenesis of CDAD in domestic animals is likely mediated by toxins A (TcdA, an enterotoxin) and B (TcdB, a cytotoxin). It should also be noted that scrotal and facial edema, as well as hydrothorax accompanied by respiratory distress and sudden death, have been reported in a few cases of CDAD. Similar signs of disease are induced when purified TcdA and TcdB are administered intragastrically, so it may be that specific circumstances allow toxin production in small intestine in field cases. It may be appropriate to test specimens from small intestine in such cases.
Diagnostic criteria. The standard for diagnosis of porcine CDAD is detection of TcdA and TcdB in feces or colonic contents; most laboratories use commercially available enzyme immunoassays, such as the ToxAB. a Difficulty in cultivation of C. difficile is reflected in its specific epithet, 37, 43 and because this microorganism can be found in healthy pigs, its isolation may have little diagnostic relevance. 43 Isolation is typically accomplished by use of taurocholate cefoxitin cycloserine fructose agar, although a few strains fail to grow due to susceptibility to one or both of the antimicrobials. Most isolates are fully toxigenic, but some produce only TcdB or no toxins at all. Gross lesions are minimal, but careful microscopic examination of colon and cecum reveals suppurative foci, as described previously.
Discussion
The 3 clostridial enteric infections presented here have a complex pathogenesis, with the result that diagnosis cannot be based on mere isolation of the clostridia involved, but rather, other factors should be taken into consideration to make a final diagnosis. A presumptive diagnosis of C. perfringens type-C enteritis in pigs can be based on a group of findings including history, clinical and pathologic results, whereas confirmation should be based on more specific findings (i.e., isolation of large numbers of C. perfringens type C and/or CPB detection from intestinal contents). Although C. perfringens type C can be found in the intestine of clinically normal pigs, this is not frequently the case, which usually lends support to the diagnostic relevance of isolation of this microorganism from the intestine of diseased pigs. Also, C. perfringens type C is usually isolated from the intestine of clinically nor-mal pigs in small numbers, whereas large numbers are usually isolated from pigs with necrotic enteritis. 34, 41 Detection of CPB is of great diagnostic value, as this toxin is not found in intestinal contents of healthy pigs.
Diagnosis of type-A enteritis is seldom unequivocal; the diagnostic definition is vague, pathognomonic histologic lesions are not described, type A can be found in the intestine of healthy pigs with higher frequency than type C, 25 and the most important major toxin of type A (CPA) can be found in intestinal contents of healthy pigs. Perhaps the most solid diagnostic criterion by which to establish a diagnosis of type-A enteritis in pigs is isolation of large numbers of the organism from feces or intestinal contents.
Some strains of C. perfringens type A produce CPE, which is apparently responsible for secretory diarrhea in pigs. 11 However, to the authors' knowledge, natural disease due to CPE-producing C. perfringens has not been extensively studied, and diagnosis of this condition is further complicated by the fact that use of commercial diagnostic tests frequently yields false-positive results.
The CPB2-producing C. perfringens type A has also recently been linked to disease in several animal species, including pigs. 6, 48 However, most evidence implicating CPB2 in pathogenesis of porcine infections is based on isolation on CPB2-positive C. perfringens from sick animals. To the authors' knowledge, the condition has not been reproduced experimentally by use of CPB2-producing strains, and the importance of including CPB2 detection (in vivo or in vitro) in the diagnostic definition of type-A infections is unknown.
Diagnosis of enteric infections with C. difficile can be based on detection of its toxins in feces or intestinal contents. Unfortunately, absence of characteristic gross lesions fails to suggest toxin testing, and the falsenegative rate may be high.
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